Abstract The fatigue strength of two-pin dowel end to side-grain rubberwood furniture joints made from PVAc of different glueline thickness and joint assembly times were compared. Joints assembled immediately after machining had significantly higher strength compared to those joints assembled after 1 week and 1 month. The results showed that the allowable design stress for PVAc dowel adhesive joints of 0.01 mm glueline thickness could be set at 25 % of its ultimate bending moment, which conforms to the strength requirements in service.
Introduction
Dowel joints are widely used in furniture construction due to its ease of manufacturing and economics (Ratnasingam and Ioras 2003) . Although in terms of strength, it is lower than that of the mortise-tenon joints; almost 80 % of all mass produced furniture in the Asian region use the dowel joint (Ratnasingam et al. 1997) . As fatigue failure is the most common mode of failure in furniture, the allowable design stress for two-pin dowel joints are important criteria in furniture design. Although, reports on the design stresses for dowel joints are available (Eckelman 1970) , information on the fatigue strength and the influence of joints assembly time, adhesive type and glueline thickness on the fatigue strength of dowel joints is sparse (Ratnasingam and Ioras2013a) . Joint assembly time is particularly important in mass-production furniture environments, as the joints are often machined and stored for some time prior to assembly. However, reports on the effects of delayed assembly of joints is sparse. Therefore, a study was conducted to establish the allowable fatigue stress for two-pin dowel joints under the influence of different assembly time and glueline thickness.
Methodology
T-type two-pin dowel joints end to side-grain construction were made from kiln-dried rubberwood (Hevea brasiliensis) and assembled using polyvinyl-acetate (PVAc or plastic glue Ò ) adhesives with a 40 % solid content, as reported in Ratnasingam and Ioras (2013a) . Three different glueline thicknesses of 0.1, 0.05 and 0.01 mm were used in this study. Solid rubberwood spiraled dowels with an average of 12 % moisture content, with a nominal diameter of 10 and 40 mm in length were used to construct the joints. The T members had dimensions of 25 mm 9 50 mm, with dowel holes bored with tolerances of 0-0.015 mm (tight fit), 0.041-0.075 mm (sliding fit) and 0.08-0.13 mm (loose fit), respectively. The dowels were positioned 25 mm apart from center to center along the width of the member. The dry fit of each joint was measured prior to assembly, and was found to correspond to the desired joint fit. The joints were assembled at three different time lapses after machining: immediately after machining, 1 week after machining and 1 month after machining. All joint test samples were conditioned to an average moisture content of 12 ± 2 % prior to testing, and a total of 9 variables were involved in this study, with each variable using 10 replicates. The range of variables used in this study reflected the current industrial practices in the rubberwood furniture industry in the South East Asian region. The tests were conducted using an INSTRON universal testing machine fitted with an aluminum alloy angle plate which held the leg section, while the rail section was loaded by means of a stirrup attached to the machine cross head which moved at 12 mm/min during the test. The load which produced a sudden discontinuity in the load/ deflection curve, corresponding to the joint failure was noted and used to determine the bending moment in Nm, as described in Ratnasingam and Ioras (2013a, b) . The fatigue loads applied were 10, 15, 20, 25, 30 and 35 % of the ultimate bending moment determined previously. Air regulators were used to adjust the applied load, while mechanical counters kept track of the number of cycles the specimens survived during the test. A limit switch was attached to turn off the test when the dial gauge attached to the specimen recorded a deflection exceeding 5 mm at the joint. The results from the different joint samples were compared against each other to establish the optimal adhesive design configuration for two-pin dowel joints.
Results
The average ultimate bending moment of the two-pin dowel joints assembled from the PVAc adhesive at the three different glueline thicknesses were significantly different (Table 1) . The PVAc adhesive which is relatively flexible is able to accommodate changes in internal stresses upon loading especially when the glueline thickness is minimal (Bandel 1995) . Increasing glueline thickness has an inverse relationship to the joint strength. On the other hand, the joints assembled immediately after machining showed the highest ultimate bending moment as aging and inactivation of wood surfaces start to occur through different mechanisms immediately after their preparation (Ratnasingam and Ioras 2013b) . This surface inactivation significantly reduced the adhesive-wood bonding, which explains the reduced joint strength among joints assembled after a lapse in time after machining. The analysis of variance (ANOVA) of data from the study revealed that the glueline thickness/joint assembly time interactions were significant.
The fatigue strength of the PVAc adhesive joints at the different glueline thicknesses and joint assembly times is shown in Fig. 1 . The relative flexibility of the PVAc adhesives, which is typical for thermoplastic adhesives, allows some relative movement of the parts of the joint so that internal stresses can be evenly distributed across the joint upon loading. The spiraled dowels improve the mechanical interlocking in the joints (Eckelman 2003) , and with the flexible PVAc adhesive the joint strength was further improved. However, joint assembly time has a profound strength reducing effect compared to glueline thickness, as aged joint surfaces minimize the anchorage of adhesive, hence reducing the bonding strength in the joints. The longer the aging time, the more pronounced is the strength reduction (Fig. 1) . Therefore, the results of this study reveal that the allowable design stresses for PVAc adhesive dowel joints assembled immediately after machining could be set at 25 % of its ultimate bending moment. At these load levels, the specimens would surpass the minimum furniture performance standard of 200,000 cycles of load application (Eckelman 1999) .
Industrial implications
In mass-production furniture environments using two-pin dowel joints, the highest static and fatigue strengths is obtained using the lowest glueline thickness (0.01 mm) and assembled immediately after machining. The current industrial practice of building up stock of machined joint components before assembly is not advisable as it will reduce the static and fatigue strengths of the joints. Although the recommended allowable design stress for PVAc adhesive two-pin dowel joints set at 25 % of its ultimate bending moment is sufficient to meet the furniture standard in service (Ratnasingam et al. 1997) , the economic gains from dowel joints which cost less and are faster to produce compared to the mortise-tenon joints, could be lost due to reduced joint strengths, if the joint Shear strength (N/mm 2 ) 10.1 (0.7) 9.7 (0.6) 9.5 (0.6) 10.2 (0.8) 9.8 (0.7) 9.6 (0.6) 10.8 (0.6) 10.1 (0.6) 9.8 (0. assembly is not done immediately after machining using the lowest glueline thickness. Fig. 1 Fatigue strength of dowel joints
